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ELECTROCHEMICAL MEASUREMENTS IN MOLTEN NaOH

H. J. Kruger, A. Rahmel and W. Schwenk
Research Institute of Mannesmann AG,

Duisberg, West Germany

Abstract -- A thermodynamic discussion of the Pt/O2 /625
electrode in molten NaOH shows that the redox potential
depends on PO H 0' a 2- and a 0 2_. Potential measure-

2 2 2
ments have shown that the reaction 02 + 2e- = 022- deter-

mines the potential. Of all the electrode materials in-
vestigated -- Pt, Au, Ag, Ni and Fe -- only the last one
exhibits a positive potential shift relative tq the other
metals; this shift has been ascribed to 0227. depletion
following corrosion.

The peroxide required for the corrosion reactions can
be formed only by chemical reaction of the melt with 02,
but not by anodic oxidation, since peroxide oxidation
essentially precedes the oxidation of hydroxide ions to
oxygen and water vapor. In both anodic and cathodic
polarization, peroxide reaction and generates limiting
currents, the anodic reation being less inhibited. Water
vapor is reduced cathodically, generating limiting cur-
rents, before NaOH is reduced to H2 and OH-. Anodically,
Pt corrosion is stimulated by water vapor, producing :,
current fluctuations. In pure molten NaOH, the cathodic
reduction may be assumed to be the formation of H2 and
Na2 0 , and not Na deposition.

Introduction /626

Along with studies on the corrosion of certain metals and

oxides in molten NaOH [1], electrochemical experiments were also

conducted in these melts, and the results will now be reported.

The objective of these studies was to gain somewhat more insight

Numbers in the margin indicate pagination in the.foreign text.



into the reactions occurring when steels are pickled in molten

NaOH, particularly in the so-called "Hooker Bath".

The electrochemical properties of metals and oxides in. molten

NaOH has not been studied very much. Neumann and Bergve [2] elec-

trolyzed mixtures of molten KOH and NaOH. Agar and Bowden [31

studied the evolution of oxygen on nickel and platinum electrodes

at 3400 C. Stern and Carlton [4] measured potentials on silver,

copper, nickel, cobalt, and tungsten between 340 and 600 Q C. Kern

and od-w'rkers [5,6] recorded current-density/potential curves and

found that there were limiting currents in the cathode area, de-

pending on the water content of the melt, and that these currents

were due to cathodic reduction of the water. The most comprehensive

studies were conducted by Goret [7] on eutectic melts of NaOH and

KOH at 2200 C. Current-density/potential curves were recorded for

platinum, gold, and nickel. Limiting currents observed in the

cathode area were likewise attributed to the reduction of the water

in the melt. <Also, the reduction of peroxide added were formed

from oxygen yielded limiting currents proportional to the peroxide

content.

The problem of a reference electrode stable in alkali hydroxide

has not yet been satisfactorily resolved. Because of the great

aggressivity of these media, glasses and .other materials containing

SiO 2 cannot be used, since they corrode very rapidly. For this

reason, in the few studies conducted so far, the reference electrode

is often just an inert precious-metal-wire electrode dipped into

the melt [3,4]. As will be shown, constant experimental conditions

usually give rise to potentials which are quite constant in time.

At the same time, proposals have been made for a reference electrode

in molten alkali hydroxides. Rose, Davis and Ellingham [8] used an

oxygen electrode with silver or platinum wire to measure the en-

thalpy of formation of SnO 2 and PbO in NaOH between 400 and 7000 C.

Kern and co-workers [5,6] gave two reference electrodes in -suc-

cession. The first consisted of a palladium tube closed at one end,

with internal hydrogen circulation. Because of the solubility of
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hydrogen in palladium, this electrode was said to be based on the

H2 /H2 0 equilibrium in the melt. However, the system did not work

quite satisfactorily, since any change in the water content of the

melt influenced the equilibrium potential. The second reference

electrode developed for this reason, was a metal/metal-oxide elec-

trode and was based on the solubility of Au 2 03 in molten alkali

hydroxide. To make it, gold was disolved anodically until the

maximum solubility was reached. The melt was placed in an alumina

tube, closed at one end with a porous graphite stopper, and the

gold wire immersed in it. The electrode was said to be usable be-

tween 200 and 5000 C, and quite insensitive to changes in the

gas atmosphere.

Theoretical Foundations of the Redox Potential

In the present experiments, a Pt/0 2 electrode was studied with

the following concentrationl chain:

Pt(0 2/H 20)/NaOH, 02- or:. O2
2-/NaOH, 02- sr; O2-/Pt(02/H20).

The crucial factor in determining the opotential may be the /627

reduction of oxygen to the oxide anion

02 + 4e- = 2 02-. (1)

However, since Lux and Niedermaier [10, 11] state that molten

NaOH containing oxygen exhibits considerable concentrations of per-

oxide, a stepwise reduction of the oxygen must also be considered.

These electrode reactions

02 + 2e- = 022- (2)

022- + 2e- = 2'02- (3)

obey the Nernst equations

(a) for (1) E ,-E n (4)
4F Po,

(b) for (2). E2= E2o~ R- n a,- (5)
2F Po,

(c) for (3) E 3 E 3  R n . (6)
Saot,-
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The chemical reactions in the melt can be described by the

following equations

H20 + 02- = 2 OH-, (7)

with

K = - (8)

O2 - .+ HO = 2 OH- + 10,, (9)

with pK

a011-ao,,-' PHo

In (8) and (10), aOH- is assumed to be constant. We also

presume that the phase equilibria

melt gas (11)
VH20 = H2 0

and melt
0melt as (12)
02 2

are reached, so that the activities aH20 or a2 can be replaced by

the partial pressures PH20 r P0 2

Through reactions (7) and (9), the four variables p 2' H 2'2 2
a02_ , and a0 2_ are in equilibrium. Except for the combination of

variables (a2- , P 0 ) , fixing any two of the variables determines

the other two. This yields a total of ] - 1 = 5 possible com-

binations. In equilibrium, all three electrode reactions (1), (2),

and (3) have the the same potential, which obeys 'e.g. the equation

(13), derived as a function of PH20 and pO 2 . However, this can also

be given as a function of anyone of these five variablei:combinations

(a02_, P0 ), (a0 2 P ), (a 2- PH 20), and (a0 2-, a0  ). /628
2 2 2 2 .2 2 2

RT RT
E=E+ + Inpo, + In Po. (13)
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Because of this dependence of the redox potential of the molten

NaOH on the partial pressures of oxygen and water vapor, a reference

potential could be. established. The reference was chosen to be the

potential obtained for platinum in NaOH under p 2 = 0.98 atm and

PH20 = 0.02 atm. With the aid of (13), all measured potentials were

converted to this reference point, so that in most of the experiments,

the reference electrode did not require its own electrode space. It

is easy to obtain the water-vapor partial pressure of 0.02 atm ex-

perimentally, since the corresponding dew point is 17.70 C.

Apparatus and Execution

The organization of the experiment can be seen in Fig. 1. The

actual reaction chamber in the interior of the furnace is formed by

a nickel pipe welded to the base. Nickel was chosen to be the mater-

ial for the reaction vessel, since it is quite resistant to vapors

from NaOH and also to overflowing NaOH melt if there are leaks in the

crucibles. The upper end of the nickel pipe was sealed with a vacuum-

type flange joint. The guide tubes for the electrodes and a thermo-

couple were four pipes of 18/8 chromium-nickel steel, projecting 10 cm

into the reaction chamber, and hard soldered to the cover by gas-

tight joints. The gas intake tube was attached in the same fashion.

Just below the upper end of the pipe, a connection for allowing gas

to escape or for hooking up a vacuum pump was welded on. Above the

support plate, the pipe was cooled by water flowing through a copper

coil. The furnace temperature was regulated largely by hand, utiliz-

ing constant voltage. The temperature, measured by a Pt/Pt-Rh thermo-

couple immersed in the melt, usually fluctuated by less ± 20 C.

Because of the aggressive nature of the melt, we did not bother with

a protective jacket for the thermocouple. Most of the experiments

were conducted in cylindrical crucibles of fine silver 0.5 mm thick,

41 mm in diameter (exterior), and 50 mm tall. A platinum crucible

or a crucible of pure alumina was used in isolated cases. As a rule,

the melt sat under the reaction gas for about 2 hours beforelmeas-

urements -began, in order to permit melt/gas equilibration to occur.
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a. Mesetektrode Sezugselektrode

b .Gegenelektrode--
d.

C. Thermoelement - Gseintriftt f
Goseinleitung ohr

.I i- Fhrungsrohre fir die Elektroden
. Schnit A-A

S.
d . Trarin Elektrodenzentrier- 40
nit Rundschnurring ung

,eSpannring

A--- A
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U" . Wasser kihlung
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Heizwicklung
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0

des Silbeti gel

SChlockenwlle ji U 1.

Fig. 1: Apparatus

Key: a. measuring electrode m. asbestos insulation of
b. counter electrode silver crucible
c. thermocouple n. reference electrode
d. mantle ring with O-seal o. gas inlet
e. set screw ring p. gas intake pipe
f. escaping gas q. guide tubes for electrodes
g. pipe connection r. section
h. support plate s. electrode centering unit
i. asbestos disc t. nickel pipe
j. heating coil u. water cooling
k. ceramic pipe v. insulating jacket
1. silver crucible w. thermocouple

x. slag wall
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Because of the aggressive nature of the molten NaOH, the de-

sign and 1 arrangement of the electrodes raised numerous problems.

The best electrode holder proved to be a pure nickel tube 0.5 mm

thick, 3.5 mm in diameter (exterior), and 555 mm long. At one end

of the tube,a pure nickel cylindrical stopper 3 mm long was inserted

and welded in a gas-type seal to the tube. Then a platinum wire 0.5

mm in diameter was drawn through the tube and through a 0.6 mm hole

in the stopper. The tube was then scaled for 40-50 h at 11800 C in

air, oxygen being introduced into the pipe during the first 10 hours

to promote oxidation. Oxidation of the nickel embedded the platinum /629

wire in the stopper, and insulated the wire from the metallic nickel

by a dense nickel-oxide layer of high electrical resistance. After

the oxidation, a check was made to ensure that there were no leaks

around the platinum wire. Also, the resistance between the nickel

pipe and the platinum wire was measured. At room temperature, the

resistance was greater than 10 6Q, while it was about one order of

magnitude lower at 5000 C. After each test, the electrodes were

washed free of alkali using distilled water, the closed end of the

pipe and the platinum wire were annealed for a short time, and the

resistance measurement was repeated.

In the experiments involving pure nickel and pure iron, 0.15 mm

thick metal strips were welded to the platinum wire of the electrode.

The 20 mm long strips were immersed about half way into the melt.

The surface of the specimans was about 1.3 cm 2 . Almost all the

electrochemical tests were carried out with these electrodes, the

essential feature of which was the platinum wire being held in the

nickel pipe by the oxide. In this form, the electrodes could serve

as reference electrodes, counter electrodes, or measuring electrodes.

Experiments on the effect of the partial pressures of oxygen /630

where water vapor on the redox potential of NaOH, the platinum

electrodes were passed through alumina tubes 1.5 mm thick, 8 mm in

diameter (exterior) and 545 mm long. Gases were introduced through

these tubes. The alumina tubes used to separate the electrode;:
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spaces had a 0.5 mm hole in the lower -closed end, so that there was

an electrolyte bridge between the two electrodes across the melt in

the crucible.

In experiments on the change in redox potential due to addition

of salts, the electrode space for the molten NaOH without additives

(reference electrode) was a short piece of pipe, closed at one end,

madeof aluminum oxide, 2.5 mm thick, 17 mm in diameter (exterior),

and 60 mm long. There was a hole 1 mm in diameter about halfway up

the pipe (about 10 mm above the melt in the crucible). The electro-

lytic connection between the melts in the crucible and in the pipe

was produced by molten NaOH climbing the pipe.

The potential was measured without capillary probes. The meas-

ured value was off by the ohmic voltage drop in the electrolyte.

However, this error was small because of the high specific electrical

conductivity of molten NaOH -- e.g. 0.303 02 cm at 4500 C [9].

An estimate indicated that the voltage drop should be < 0.5 mV/mA.-

The degree of purity of the fine gold, fine silver, and chemically

pure platinum was 99.98%. The pure iron melted in vacuum con-

tained > 99.9% Fe as well as 0.028% N and 0.02% each Mn

and Si. The other impurities were < 0.01%. The 2 mm nickel sheet

contained 99.8% Ni and a maximum of 0.02% of any other element,

according to the figures of the manufactuer. The NaOH employed

(analytical grade) was in the form of plates according to our

analysis, it contained 0.2% Na 2 CO 3 and about 0.7% H2 0. The sub-

stances Na2 CO 3, NaNO3 , NaNO2 and Na20 2 were analytical grade. The

Na20 was 98% pure. Oxygen with 99.9% purity, nitrogen with 99.99%

purity, 'or mixtures of these gases with 1 or 10% 02 were employed.

The water vapor content was < 100 ppm leaving the bottle and 150-

250 ppm leaving the apparatus. To achieve specific partial pressures

of water vapor, the gas was passed through three successive thermo-

static washing bottles filled with distilled water.
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Experimental Results

(a) Measurement of Redox Potential

In the experiments on the influence of the oxygen partial

pressure, pH 0 = constant. For 5000 C, (13) gives the following
2

value after numerical values have substituted for R, F, and T:

(a =lP,)a, 0.0383 V. (14)

Fig. 2 shows that the experimental values lie very close to the

theoretical line with the fault given by (14). In the experiments

on the influence of the water vapor partial pressure, pO = constant.

For 5000 C, (13) gives

PHopo= 0.0765 (15)

For 4000 C, this quotient is 66.7 mV. Fig. 3 shows that the

experimental values for 400 and 5000 C agree well (15). The slope

is independent of whether oxygen or nitrogen is used as the carrier /631

gas for the water vapor. The difference of 155 mV between the

parallel lines for oxygen and nitrogen corresponds to an oxygen

content of about 0.01% in the nitrogen.

Fig. 4 gives potential vs. time for platinum in NaOH under

oxygen as the partial pressure of the water vapor is varied. Equil-

ibration between the melt and the reaction gas is much faster when

the water vapor pressure is raised than when it is lowered. Under

nitrogen, the situation is precisely reversed.

Sincie t e thermodynamic analysis does>hnot show which reaction

determines the potential, we next investigated non-equilibrium

states, in which oxide or peroxide is added to the molten NaOH with

constant gas flow.

Increasing the oxide ion concentration in the melt by adding

Na 2 0 hardly changed the potentialiat all under both oxygen and

9



nitrogen. According to (4),

the fact that the potential is

independent of Na 20 addition

means that the electrode re-

-N/ action (1) is not potential-

- determining. It can also be

_i _ -2_ deduced that an electrode re-

theoretischeGre action corresponding to (13)
, AE =38,3mV

S'log 0 383gp and obtained by combining (1)

o ' and (7), i.e.

02 + 2 H20 + 4e- = 4 OH- (16)

cannot be potential-determining
* - -4 -0 -0

log Po(P in otm) either. This does assume, how-

ever, that reaction (7) takes

Fig. 2: Influence of 0 pressure place fast enough, and that
on potential of Pt/02 electrode
in NaOH at 5000 C. (water vapor Na 2 0 is dissociated into Na
cdntent = 0.025%). and 02- ions.

Key: a. theoretical line
Adding Na 2 02 yielded a /633

clear connection between po-

,potential and peroxide concentration in the melt under both oxygen

and nitrogen. The results are shown in Fig. 5. With the usual

pre-melting time of 2 'hours under nitrogen (curve .a),and under

oxygen (curve b), the following relation is obtained

RT
E=K--l (17)2F (17)

where c is the concentration of peroxide ion added in wt-%. This

equation corresponds to (5) at constant pO . Substituting the

numerical values for R, T, and F supplies

E= E - 0,0765log C (17a)
Po,

E = K(po) - 0.0765 log c. (17b)

10



SThis equation corresponds to the

solid lines in Fig. 5. This resultut'

implies that electrode reations
ca.sesor. (m400%)o (2), i.e. reduction of oxygen to
(&E-G&7.log ^420(mv] 0

peroxide ion, takes place rapidly

s ~t.5oo0*C and is therefore potential-determin-
,', . (AE-76-5 log PH20[mV))

E 100 - ing.

X Electrode reation (3) cannot
'I; /

o e potential-determining for the

following reasons. At constant

-20 oxygen pressure, the oxide ion

b concentration is proportional to

-20S-icoap. 500 *Cm) the peroxide concentration, as in- /63 4

-0 dicated by combining (7) and (9):

022- = 02- + 1/2 02 .  (18)
-4 -3 -Z -

log RHZO(Pnzo in atm)
If this equilibrium were reached

Fig. 3: Influence of H O pres- rapidly, the potential would have
sure on potential of PtO0
electrode in NaOH at 4002and to be independent of any addition of

5000 C (solid lines = theoret- either oxide or peroxide, if the
ical lines). electrode reaction (3) were potential-
Key: a. oxygen If the equilibrium

b. nitrogen determining.
(18) were reached very slowly, the

potential would be changedby add-

ing either oxide or peroxide. Both possibilities conflict with the

measurements.

Equation (17) contains the assumption that the peroxide concen-

trations co present before the addition was small in,!comparison with

the added peroxide c. Otherwise, the equation would have to read

RT
F= K - In ( + (19)

11



The curve for function (19)
0*

o+o025%HsO-o 2+I70.4 20(400C) a. has two branches in a sim-
~ -- -- - Erhhung des Wasserdampfteildruckes
0z+ 025%.-0 O-2+162%H (500*C) pie logarithmic coordinate

>- _ _ _ I5 I 0 system. The asymptotes

correspond to the equations

= Eo - In 10 -log cfic < o
-100 02+1I70%H 20-02+0.025% I F

/ H20 (400*C)
"A 02+I.62%HOOz 0-025% b.

A' HIO (500-C) Erniedrigung des E = Eo  In 10 - log cforc > co. ( 19b)
L Wasserdampfteildruckes 2F

S2 3 4
Zeit, h

The first line is parallel

Fig. 4: Equilibration of potential to the horizontal axis and

of Pt electrode after changing describes the potential for
H 0 partial pressure in 02 at
460 and 5000 C. mro peroxide addition.

The intersection of the
Key: a. raising partial pressure
of water vapor two lines has the coordi-

b. lowering partial pres- nates E0 ,c0 . The initial
sure of water vapor

cqncentration c can be

found in this way. In

accordance with Fig. 5, we find c = 0.028 wt-% under oxygen,. and

0.029 wt-% 022- under nitrogen. The low peroxide content of the melt

under oxygen appears to contradict the statements of Lux and co-

workers [11]. However, this can be explained by supposing that the

equilibrium (9) between peroxide and oxygen is not achieved in the

relatively short time of two hours. Therefore, experiments were con-

ducted in which the molten NaOH was held 29 hours under oxygen with

differing flow rates, before the peroxide was added. As Fig. 5 shows,

the influence of identical peroxide doses on the redox potential dim-

inishes with increasing oxygen flow rate.during the premelting per-

iod, so that peroxide formation increases with rising flow rate dur-

ing the _premelting period.

The initial concentration of peroxide can be calculated with

the aid of (19) AEE(+RT n c I
S2F (20)

12



with
C

-C AE' - (21)
SI exp -

Potential der Schmelze ohne Zusatz unter 02 a. .3
- -c +. --- -

%"I
SN * If AE is replaced by the experimental

-2s values for aperoxide dose c of /635

A d1.60 wt-%, flow rates of 9, 50, and

-250 70 standard k 02 /h yielded initial

E b.P otentialder peroxide concentrations c0 of 2116,
Schmeize ohne Zusatz unter N2 2.80, and 3.20 wt-% after 29 hours.

I b These values are quite close to those,

Sof Lux and co-workers [11], namely

3.5-5 wt-%.

C Kurve a b c de The influence of some other

vrm _s'22 929I odium salts was studied at 500 0 C

Gas N202 120 102  under oxygen and nitrogen. Adding
Str1murnige-

e 4 1 the salts Na 2CO3, NaNO 2 , NaN03, Na Cr04,

log co:-(co:-in Gew.-%) Na 2 Cr2 07 , Na 2 B 0 7 , and NaA10 2 , which

are present in the "Hooker Bath",

Fig. 5: Influence of Na 2 02  caused virtually no change in the po-
addition on potential Pt
electrode in NaOH at 5000 C. tential.

Key: a. potential of melt
without addition under 0 (b) Measurement of Rest Potential for

b. potential of mel Platinum, Gold, Silver, Nickel and
without addition under N2  Iron

c. curve
d. pre-melting time Rest potential vs. time was
e. flow rate

measured for various metals under
f. wt-percent

pure oxygen, under nitrogen with 1-10

vol-% oxygen, and under pure nitrogen. Regardless of the atmosphere,

virtually identical rest potentials were obtained for gold and silver,

shifted by + 7 ± 1 mV relative to that of platinum. As the oxygen

partial pressure was reduced, it took longer and longer for the con-

stant rest potential to be reached. This tendency was more distinct

-for gold than for silver. Rest potential vs. time is plotted in

13



Fig. 6 for iron and nickel. At the beginning, the potentials were

more negative than the steady-etate values. While the potential of

nickel was practically the same as that of platinum, iron exhibited

a potential up to 55 mV more positive than platinum. This difference

became smaller as oxygen partial pressure decreased. Decreasing the

oxygen content of the atmosphere made the rest potentials of iron

and nickel less reproducible and more negative than those of gold

and silver. Just after insertion, potentials between -500 to

-600 mV were measured for iron and between -700 to >-800 mV for

nickel, relative to platinum. The nickel specimens remained metali

lically shiny, in brief experiments.

-3 " I . Fe

E I

I 2 3 4 5 6 7 8
a Zeit, h

Fig. 6: Rest potential of Pt, Ni, and Fe vs.
time in different gases. [Key: a. time]

(c) Galvanostatic Studies on Platinum, Gold, and Silver in NaOH,
NaNO3, and a Mixture of These Salts.

The results of galvanostatic polarization measurements are

shown in Fig. 7, 8, and 9. For silver, the current-density/potential

curve under oxygen and nitrogen with 1% 02 are almost parallel (Fig.

7). Fig. 8 shows the current-density/potential curves for silver,

platinum, and gold in NaOH under oxygen at 6000 C. The curves /637

14



were independent of whether they were.measured with rising or falling

current densities. The polarize ability of metals increases slightly

in the sequence named, the cathodic polarizability being somewhat

less than the anodic in every case. Adding nitrates had virtually

no influence on the current-density/potential curves in NaOH for

silver. On the other hand, the polarizability in pure NaNO 3 is

very large (Fig. 9).

In the galvanostatic circuit,

S- I I - ~ the Faraday yield of silver in

N2+Ivo:.-%o02 / 02/ NaOH under nitrogen at 400 and

10 / 6000 C was determined gravimetri-

S/ cally as the function of current

S/ density. With increasing currentE/

/ density and falling temperature,

o the current yield decreases (Fig.

- 10). A cathodic redox current was
a .

.I / ..../ ignored in calculating the Faraday

yield, since the corrosion rate was

S.... / negligible'relative to anodic dis-

_ i1 I sociation even at the rest potential.
-3 . -300 -250 -200 -150 -100 -50 0

Potential, mV Fig. 11 shows the galvanostatically

Fig. 7: Galvanostatic current- determined anodic curves for the

density/potential curves for current and for the branch current
Ag under 02 and N2 with 1% 02' of silver dissociation. The mass

Key: a. current density loss of the silver anode usually

agrees with the silver content of

the melt. The filtrate of the solution contained no silver [1].

Often, part of the dissolved silver had deposited on the cathode. Cor-

responding experiments for platinum and gold show that the Faraday

yields increase in the sequence platinum-gold-silver.

15



" --- -

5 /

a.

-5 -300 -250O -200 -10 -- O -0 5

Potentiol, mV

Fig. 8: Galvanostatic current-density/potential
curves for Pt, Au and Ag under 02 at 6000 C.

Key: a. current density

(d) Potentiostatic Polar-
25 ' ization Measurements for

NoOH 50 Gew.-%NaOH
Sso n-tal In potentiostatic hold-

Fg ,no i ing experiments under various

curvs frNNoP a gases at 5000 C, a steady
E x-!!-

. -ycurrent was obtained after

o a few minutes. Fig. 12
_-15 shows the potentiostatically

-500 -400 -300 -o200 -100 0 100 200
P- ential, mV recorded current-density/

Fig. 9: Galvanostatic curren-density/ potential curves for plat-

potential curves for Ag in NaOH, NaNO3 inum iron, and nickel under
and amixtureof the two salts under n

02 at 6000 C. nitrogen and nitrogen with

10 vol-% oxygen., Under
Key: a. current density

gew.-% = wt-% nitrogen, platinum is very

polarizable both anodically

and cathodically. Anodically,

16



the current rises very rapidly, start-

6o ing at about + 0.8 V. In this case,

it is obvious that hydroxide ions are

50 - being oxidized

600'C; Ih

40 2 OH = H20 + 1/202 + 2e . (22)

400*C;h I Cathodic polarization yielded very /639

Sslight current densities at potentials
*C;3h

Sthrough about - 1.3 V. The subse-
*

a - x - quent current rise mRybe attributedi.

either to the reduction of sodium ions

2 Na+ + 2e- = 2 Na (23)

or to the reduction of hydroxide ions
0-3 1 3 I0 30

b. Stromdichle, mA/cm 2  2 OH- + 2e- = 2 02- + H 2 . (24)

Fig. 10: Influence of currentFig. 10: Influence of current In the experiments under nitrogen with
density on Faraday yield for
Ag dissolving in NaOH at the 10 vol-% oxygen, a current rise was
anode, under 02 at 400 and measured at just -0.1 Vin this case,
6000 C. measured at just -0.

the electrode reaction (22) must be
Key: a. Faraday yield

b. current density preceded by another reaction associated

with the formation of peroxide under an

atmosphere containing oxygen. The cathode current density vs. po-

tential curves under nitrogen with 10 vol-% oxygen are shifted to-

ward higher current densities by comparison with the curves under

pure nitrogen. From about .-0.5 V, a limiting current is developed

around -15 mA/cm 2 .

The current density vs. potential curves for iron and nickel

under N2 + 10% 02 differ only slightly from those for platinum.

Under pure nitrogen, on the other hand, somewhat greater discrep-

ancies are observed. In the cathode,.area, the curves for nickel

and platinum practically coincide, while the current density for

iron is about an order of magnitude greater. In the anode area,

the curves for iron and nickel are lower than that for platinum.
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Since potentiostatically

recorded current density vs.

/ potential curves for platinum

agree with the corresponding

curves recorded with potential

varying by 2 V/h, the remaining

Sexperiments were conducted

20 - potentiokinetically. Fig. 13
b. Gesamtsrom

shows current density vs.

potential curves for platinum

I under nitrogen with Na202

a.o 10 added. It can be seen that

Korrosionsstrom x adding peroxide has the same
C desSilbers x effect on the curves as rais-

. x I ing the partial pressure of

50 -100o -50o o o 100 50 oxygen. Adding slight quan- /641
Potential, mV

tities, less than 1 wt-%, has

Fig. 11: Galvanostatically meas- practically no effect. The
ured current-density/potential
curves for Ag under 02 at cathode limiting current den-

6000 C. sities increase with the per-

Key: a. current density oxide content of the melt.

b. total current Also, measurements using plat-

c. corrosion current

of silver inum were conducted under mix-

tures of nitrogen and water

vapor (Fig. 14). The cathode curves show a current rise at about

-1.2 'V and finally the formation of limiting currents, which in-

crease with rising water vapor content. The drop in current density

observed with falling potential may be due to depletion of water

in the cathode area in all experiments. The further current rise

at about -1.8 V can be attributed to the reaction in either equa-

tion (23) or (24).

In the anode area, the current already begins to rise at about

+ 0.2 V under nitrogen containing water vapor. After a short

steady curve region, current fluctuations appear. The onset of
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Fig. 12: Potentiostically measured current
density vs. potential curves for Pt, Ni and
Fe under N2 and 90% N2 + 10% 02 at 5000 C.

Key: a. current density

these fluctuations is shifted toward higher potentials and currents

as the water vapor content is increased. These current fluctuations

may be due to water vapor increasing the dissociation of the plat-

inum, followed by unstable passivity. A supporting fact is that

one-hour static-potential holding experiments at + 0.3 V under ni-

trogen with water vapor yielded more platinum or platinum oxide in

the melt then was found in an experiment I.,under dry nitrogen.

Discussion of Results

Thermodynamic analyses on the Pt/0 2 electrode in molten NaOH

show that the redox potential is a function of PH20 and PO and

of four other combinations of variables with the activities.of

022- and 0 . It has been shown experimentally that of the three

possible electrode reactions, the reduction of 02 to 02 2-takes

place fast, and is thus potential-determining.
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Fig. 13: Influence of gas composition and addition
of NaO 0 on current density vs. potential curve for
Pt at2 5 0 C (potential varying at 2 V/h).

Key: a. current density
Gew.-% = wt-%

Potential equilibration when the gas atmosphere is changed

depends essentially on peroxide formation and decomposition in

accordance with (9). In agreement with Lux and Niedermaier [10],

it was found that equilibration is faster in a moist atmosphere

than in dry oxygen (Fig. 4). In oxygen, the removal of the result-

ing water is also decisive. Accordingly, the rate of formation of

peroxide increases when the flow rate is raised. Compare Fig. 5 in

connection with (21).

From the effects of adding peroxide on the redox potential,

particularly under nitrogen, it can be inferred that the thermal

decomposition of the peroxide in accordance with (18) is still

strongly inhibited at 5000 C. Since Nernst's equation (17) has

been confirmed experimentally, the concentration and activity of

the peroxide must be proportional, i.e. the degree of dissociation

is constant.
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Fig. 14: Influence of H20 partial pressure in
N on current density vs. potential curve for
P at 5000 C (measured potentiokinetically with
2 V/h).

Key: a. current density
b. onset of current fluctuations

The rest potentials measured for the metals Pt, Ag, Au, Ni,

and Fe are probably not genuine redox potentials of the melt, but

mixed potentials caused by corrosion of the metal. Since this cor-

rosion is very slight with e.g. Pt and Au, and since the rest po-

tentials under dry nitrogen-containing \gases are identical, with the

exception of Fe, the mixed potentials may coincide with the redox

potentials. The shift in the rest potential of FeL(see Fig. 6) can

be interpreted as peroxide depletion in the melt as a result of iron

corrosion. Corrosion of iron;is more than an order of magnitude

greater than that of the other metals [1]. Since peroxide formation

is inhibited in accordance with (9), peroxide depletion can developr

and thus raise the potential in accordance with (17). The initial

potentials for bare Ni and Fe electrodes observed under nitrogen- /642

free gases were considerably more negative than those for Pt and
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can be interpreted., in agreement with Stern and Carlton [12], by

corrosion resulting in a covering layer. Traces of nitrogen are

sufficient to produce this covering layer and to bring the potential

to the Pt value [12,,131. The negative initial potentials under

nitrogen provide an explanation for the fact that under these con-

ditions, silver deposits were found in corrosion tests in silver

crucibles with Fe and Ni [1].

Polarization experiments showed that equilibration time.s were

very short, i.e. just a few minutes, so that potentiokinetic meas-

urements with 2V/h could be conducted without any particular errors.

With anode polarization, the oxidation of the melt was accompanied

by dissolution of the electrode material. With the metals Ni, Fe,

Pt, and Au, covering layers formed and inhibited further dissolution

[1]. On the other hand, Ag produced no covering layer [1] and, in

agreement with Janz, Conte and Neuenschwander [13], who conducted

similar studies between 600 and 9000 C in the ternary eutectic melt

Li 2 CO 3 /Na 2CO3 /K 2 CO3 , dissolves with a current-dependent Faraday

yield (Fig. 10 and 11).

Under dry oxygen or in peroxide-containing melts, an anode

reaction already takes place at potentials between about -0.4 and

0 V. This may be oxidation of the peroxide in accordance with (2)

(Fig. 13). With increasing oxygen content and thus decreasing per-

oxide content in the melt, limiting currents develop.

Under pure nitrogen, the depelopment of a limiting current is

observed above + 0.1 V for the anode materials Pt, Fe, and Ni (Fig. 11","

12). In this case, what is involved is probably not oxidation of

peroxide residues in the melt, but instead oxidation of anode 
mater-

ial. Evidence for this view is specifically the fact that for Pt,

which showed the highest limiting current of all the anode materials

investigated, the currents were poorly reproducible and fluctuations

occurred. The latter were more distinct and had greater amplitudes

under moist nitrogen (Fig.. 14) and could be interpreted on the basis
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of potentiostatic holding tests by the dissolution of platinum, in-

duced by water vapor and disturbed by. unstable covering-layer forma-

tion.

In the anode reaction above + 1.2 V, the reaction involved may

be oxidation of the melt to oxygen in accordance with (16). In the

electrochemical oxidation of the melt, the NaOH is immediately ox-

idized to oxygen by (16). A stepwise oxidation via peroxide does not

occur, since first no evidence was found for anodic peroxide forma-

tion and second the oxidation of peroxide to oxygen takes place con-

siderably in advance of the oxidation of hydroxide ions. Similar

conditions were observed by Gerischer and Gerischer [151 in sulfuric

acid containing H2 02 . Small limiting currents were observed for the

metals Pt, Fe, and Ni with cathode polarization under nitrogen (Fig.

12). Probably, what is happening here is the reduction of surface

oxides -- suggested by the higher current for Fe -- or the reduction

of peroxide residues in the melt. With platinum, limiting currents

which rose as the peroxide content of the melt increase were observed,

as found ,by Goret [7] (Fig. 13). The limiting current under N2 with

10 vol-% 02 was between those for 2.2 and 3.4 wt-% Na 202, correspond-

ing to 0.9 and 1.4 wt-% 022 . However, since the peroxide content

was less than 0.1 wt-% after the same premelting time of 2 h under

02, it must be assumed that under nitrogen, not only is peroxide re-

duced in accordance with (3), but also oxygen is reduced in accord- /643

ance with (1). Under moist nitrogen, the development of limiting

currents was observed from about -1.4 V in agreement with figures

in the literature [5-7], which increased with rising water content

(Fig. 14). In this case, the reduction

2 H20 + 2e = H2 + 2 OH- (25)

may occur. The reduction of sodium ions in accordance with (27)

or the reduction of hydroxide ions in accordance with ((2~) can be

assumed for the current rise from about .--1.8 V (Fig. 13 and 14).

From Fig. 12, we can estimate the decomposition voltage, obtaining

about 2 V in agreement with Goret [7].
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By combining the cathode reaction equations (23) and (24) the

anode reaction equation (16), the following overall reactions can

be derived

(a) for (23), NaOH = Na + 02 + j H20, (26)

(b) for (24),2NaOH= 02+ I H2 O+H 2 +Na20. I (27)

Assuming an activity of unity for all reaction partners at 5000 C,

the decomposition voltage obtained from these equations is about

2.5 V for (26) and 2.0 V for (27). This result suggests that it

is (24) and not (23) which describes the cathode reaction.

Electrochemical studies, in connection with previously re-

ported corrosion tests [1], show that chemical processes and not

electrochemical ones are rate-determining for the dissolution of

metals and metal oxides in molten hydroxide. Chemical reaction of

the melt with oxygen in the air forms peroxide, which is consumed

in the corrosion reaction.
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